The postulation that hypoxia increases local cerebral blood flow (lCBF) mainly by perfusing more cap illaries (the capillary recruitment hypothesis) was tested in awake adult male Sprague-Dawley rats exposed to
Summary: The postulation that hypoxia increases local cerebral blood flow (lCBF) mainly by perfusing more cap illaries (the capillary recruitment hypothesis) was tested in awake adult male Sprague-Dawley rats exposed to 10% O 2 and control rats. The [14C]iodoantipyrine tech nique was used to measure lCBF. Local cerebral blood volume was determined by measuring plasma and red cell distribution spaces within the brain parenchyma with 1 2 51 _ labeled serum albumin (RISA) and 55Fe-labeled red cells (RBC), respectively. Tissue radioactivity in 44 brain ar eas was estimated by quantitative autoradiography. Hyp oxia raised lCBF by 25-90% in all brain areas. In about one-quarter of the brain areas, the rise in blood flow was associated with a small increase in microvascular plasma Cerebral blood flow is altered by many condi tions. These changes may be highly localized, as occurs when neural activity increases within a brain structure (Greenberg et aI., 1979; Sokoloff, 1981) or global, as happens with hypoxia (Weiss and Edel man, 1976; Smith et aI., 1983; Francois-Dainville et aI., 1986; Kissen and Weiss, 1989 ) and hypercapnia (Smith et aI., 1983; Gobel et aI., 1989) . In those cases in which blood flow alterations are wide spread, the extent and direction of the change may differ among affected regions. For example, high dose pentobarbital markedly lowers blood flow in and blood volumes. This change in blood volume, which could be the result of perfusing more parenchymal mi crovessels and/or increasing parenchymal microvessel di ameter, is not sufficient to account for the observed rise in lCBF. In the remaining areas the RISA, RBC, and blood spaces were either unchanged or only marginally increased by hypoxia. For this hypoxic perturbation, the major mechanism of raising blood flow appears to be in creased velocity of microvessel perfusion and not perfu sion of more capillaries. These findings provide only lim ited support for the capillary recruitment hypothesis. Key Words: Capillaries-Arterioles-Venules-Capillary re cruitment-Blood volume-Microvessel diameter. most forebrain structures but only a few hindbrain areas (Otsuka et aI., 1991a) , and-even more sur prisingly-ketamine lowers flow in some brain ar eas but raises it in others (Cavazzuti et aI., 1987) .
In theory, changes in cerebral blood flow may be effected by one or more of the following mecha nisms: (a) altering blood flow velocity through the perfused capillaries; (b) varying the number of the perfused capillaries (the capillary recruitment hy pothesis); or (c) modulating the diameter of the per fused capillaries. The possibility of increasing or decreasing capillary diameter within the brain pa renchyma has generally been dismissed, although a recent report suggests that this may occur (Atkin son et aI., 1990) . Changes in flow velocity and num ber of perfused capillaries are the most often con sidered mechanisms for altering cerebral blood flow.
The purpose of the present study was to test the hypothesis that blood flow changes mainly involve increasing (recruiting) and decreasing (retiring) the number of perfused capillaries. Local cerebral blood flow (ICBP) was raised throughout the brain of young adult Sprague-Dawley rats with moderate hypoxia, and ICBP was measured with the 4-e4C]iodoantipyrine ([14C]IAP) technique. As in dicators of the amount of perfused microvessels, the distribution volumes of 1 2 5I-Iabeled serum albu min (RISA) and 55Pe-Iabeled red blood cells (RBC) in brain parenchyma were determined in moder ately hypoxic rats. These measurements were also made in sets of control rats. Tissue radioactivity was assessed by quantitative autoradiography in 44 areas of the brain. Microvessel blood volumes and hematocrits plus mean transit times were calculated from the ICBP, RISA, and RBC data. By comparing the ICBP, volume, and mean transit time data from the control and hypoxic animals, the capillary re cruitment hypothesis was tested for this particular condition.
METHODS

Preparation of animals
Male Sprague-Dawley rats weighing -350 g were used in the experiments. Anesthesia was introduced by 3% halothane in a mixture of 70% N 2 0 and 30% O 2 , Once the rats became unconscious, the halothane was reduced to 1.5%. Catheters were inserted into both femoral arteries and veins. The wounds were closed with sutures after infiltration with lidocaine hydrochloride. The hindlimbs were immobilized and the catheters were protected by a plaster cast fitted below the mid-thorax of each rat. The administration of anesthesia was then stopped.
To recover from the anesthesia and to establish a rel atively normal state before experimentation, the animals were carefully maintained and observed for �2 h after completion of the surgery. Rectal temperature was con tinuously monitored and kept at -37°C using a heating lamp. The physiological condition of each rat was deter mined by measuring arterial blood pressure, blood gases, plasma osmolality, plasma glucose level, hematocrit, and rectal temperature at several times during the recovery period.
Hypoxia was achieved by placing the head of the rat inside a translucent plastic box in which a concentration of 10% O 2 and 90% N 2 was established and maintained. The box isolated the head of the rat without compression of the neck. The proportion of the gases in the inflowing mixture was adjusted by a mass flow meter and controller (Sidetrak 830/840, Sierra Instruments, Carmel Valley, CA, U.S.A.). Exposure of the rats to the gas mixture started when the desired proportion of gases was achieved in the box. The intravenous infusion of the ra diotracer began 10 min after the animal's head was placed in the box. The pH and concentration of gases were de termined on samples of arterial blood drawn 1 min before beginning radiotracer infusion and at several other times during the period of exposure to 10% O 2 ,
Radiochemicals
The radiotracers used were 4-[N-methyl-14C]iodoanti pyrine (American Radiolabeled Chemical, St. Louis, MO, U.S.A.); 1 2 5I-bovine serum albumin (New England Nu- 
Measurement of regional cerebral blood flow
The [14C]IAP method (Sakurada et aI., 1978) was ap plied for the determination of ICBF in 10 control and 13 hypoxic rats. On one side, the femoral arterial and venous catheters were shortened and connected to produce an extracorporeal arteriovenous (A-V) shunt or loop as de scribed by Otsuka et al. (199Ia) . Accurate assessment of the arterial concentration time course requires rapid blood flow through the A-V shunt. Flow through the shunt was evaluated by observing the passage of a bolus of injected saline through the A-V loop before infusion of the radiotracer. If flow was brisk, i.e., the bolus instantly passed through the shunt, then infusion was begun.
Approximately 50 ILCi of e4C]IAP in I ml of saline was infused by a syringe pump according to a predetermined schedule that produced a continuously increasing blood concentration of 14C activity. Experiments in which this continuous increase was not attained were discarded from the study. Serial arterial blood samples (6�0 ILl each) were taken every 5 s by puncturing the silicon rub ber part of the A-V shunt with a 22-gauge needle attached to a I.O-ml syringe from which the plunger had been with drawn. The "sampling time" was considered to be the midpoint of the sampling intervals. The rats were decap itated -30 s after starting the lAP infusion. The exact time of decapitation was synchronized with the comple tion of the terminal blood sampling and was carefully measured. The brains were quickly removed and frozen in 2-methylbutane cooled to -45°C with dry ice. The brain was then covered by mounting medium (M-I Em bedding Matrix, Lipshaw, Detroit, MI, U.S.A.) and stored at -80°C.
Distribution volumes
Red blood cells (RBCs) were labeled with 55Fe by an in vivo technique (Lin et aI., 1990) . Young adult male Spra gue-Dawley rats were used as RBC donors. Following anesthetization, 5-6 mCi [55Fe]ferrous citrate in 3 ml buff ered solution was injected into the peritoneal' cavity through a small midline incision in the abdominal wall. Seven to 10 days after injecting the 55Fe solution, the donor rats were anesthetized and anticoagulated. Subse quently, the blood was gradually drained from the donor rats and prepared for administration to the experimental animals.
The distribution volume of 55Fe-Iabeled RBCs in paren chymal microvesse1s was determined in nine control and seven hypoxic rats. To begin these experiments, -4 ml of radiolabe1ed blood (0.3-0.4 mCi/rat) was infused into one femoral vein over a 20-25-s period while 3 ml of blood was simultaneously withdrawn from the femoral artery. This procedure was used to maintain whole body blood volume constant and mean arterial pressure steady. Small blood samples (-50 ILl) were obtained from the femoral artery at regular intervals during the 3-min experimental period. The hematocrit was measured on several samples including the terminal one.
To measure plasma distribution spaces, 100 ILCi of RISA in 0.25 ml of saline was infused over 3-5 s in nine control and 13 hypoxic rats. Small samples of blood (50 ILl) were obtained from one femoral artery at regular in tervals during the 3-min course of the experiment.
The rats were decapitated 3 min after the start of RISA or 55Pe-RBC infusion. The severed head was immediately dropped into 2-methylbutane cooled to -55°C. The brain was removed from the frozen head, covered with embed ding medium, and stored at -80°C. As reported by Be reczki et ai. (1992) , this procedure effectively traps the blood in the small parenchymal microvessels, but results in considerable blood loss from pial blood vessels and some loss from larger parenchymal microvessels.
Analysis of blood and brain samples
[14C]lAP and 55Pe activity in plasma and whole blood were determined by liquid scintillation counting; the ac tivity of 1 2 51 in plasma was measured by 'Y counting. Ra dioactivity in the dried tissue sections was assessed by quantitative autoradiography (QAR) in the manner de scribed by Tajima et al. (1992) and Bereczki et ai. (1992) and previously used by us (e.g., Gross et aI., 1986a,b; Lin et al., 1990) .
Por this particular QAR assay, the frozen brain was placed in a cryostat for 30 min at -17°C and then cut into a series of 20-fLm thick coronal sections. The slices were picked up on cover slips and dried at 45-50°C on a hot plate. Sections were taken at regular intervals for QAR. Adjacent sections were stained with cresyl violet and used for histological identification of the brain areas of interest. The remaining sections were discarded.
Commercially prepared methylmethacrylate 14C stan dards (Amersham, Arlington Heights, IL, U.S.A.) were employed for assessing 14C activity. Por quantitation of radiolabeled albumin and erythrocytes, standards were prepared by adding known amounts of 1 2 51 or 55Pe activ ity to homogenized calf brain, freezing these mixtures, and slicing them into 20-fLm sections in a cryostat (Lin et al., 1990) . Radioactivity of the standards was measured on small pieces of these tissue homogenates by liquid scintillation or 'Y counting.
The dried brain sections designated for QAR analysis were placed in cassettes along with the appropriate set of standards and a sheet of x-ray film (SB5, Kodak, Roch ester, NY, U.S.A.). After 7-28 days of exposure, the films (autoradiograms) were developed and analyzed for radioactivity using an image analysis system (MCID, Im aging Research; St. Catharines, Ontario, Canada). The curve relating optical density (OD) to radioactivity was determined from the standard data. By assigning the ra dioactivity of the 55Pe_ and 1 2 51-tissue standards at the time of assaying the blood samples to the corresponding OD reading, the need for a radiotracer decay correction of the QAR data was obviated.
Densitometric readings of 44 brain areas were made using a cursor-controlled frame. Areas of interest were identified using a stereotaxic atlas (Paxinos and Watson, 1982) . Prom three to 18 densitometric readings were ob tained on 1-3 sets (three images per set) of adjacent au toradiographic images for each area of interest; they were averaged to evaluate the radioactivity for that brain area and animal.
Por the 55Pe and 1 2 51 films, the optical density was assessed in the "grainy" areas between the large dark spots and streaks on the autoradiograms using a circular reading frame (diameter 150-1,000 fLm; Bereczki et aI., 1992) . As analyzed and discussed by Tajima et ai. (1992) and Bereczki et ai. (1992) , these large dark shapes on the x-ray films are produced by radiation arising from the bigger parenchymal arterioles and venules (specifically, ones with luminal diameters ;;.50 fLm) plus the penetrating arteries and emerging veins. These dark spots and figures are usually more than 250 fLm apart. By placing the read ing frame between them, the radioactivity measured arises from blood contained in small parenchymal mi crovessels with luminal diameters <50 fLm, namely, small arterioles, capillaries, and small venules (hereafter, the latter collection of blood vessels will be referred to as smaller parenchymal microvessels). Very emphatically, the present technique does not measure total blood vol ume in the brain but only that of the smaller parenchymal microvessels (Bereczki et aI., 1992) .
Data processing
ICBP was calculated with the [14C]lAP data and the working equation of Sakurada et ai. (1978) . The equilib rium tissue-blood partition coefficient of iodoantipyrine was set at 0.8 for all brain areas in accordance with the measurements of Sakurada et ai. (1978) .
The local distribution volume of RISA (also referred to as the plasma distribution space) in parenchymal mi crovessels (V p ) was determined with the data and the following equation:
(1)
where C I I is the 1 2 51 radioactivity in the tissue (dpm/g) and C p r is the radioactivity of 1 2 51 in the terminal plasma sam ple (dpm/ml).
The local RBC distribution volume (Vr) was calculated with the data and the following equation from Bereczki et ai. (1992) :
where CtFe is the 55Pe radioactivity (dpm/g) in the tissue sample, CbFe and C p Fe are the 55Pe radioactivity (dpm/ml) in the whole blood and in the plasma, respectively, and Hcta is the hematocrit in the arterial blood. Incidentally, C p Fe is very small since >99.5% of the 55Pe activity is bound to red cells (Lin et aI., 1990) ; it is included in Eq.
(2) for the sake of completeness. The volume of radiolabeled blood in the parenchymal microvessels (Vb) was calculated from the mean red cell (V mr) and RISA (V m p ) distribution volumes by (3) The hematocrit within the labeled microvessels (mHct) was determined from the mean red cell and mean blood volumes:
The mean transit time of blood passage through the mi crovascular system (T,) was estimated by:
Statistics
Values for the measured parameters are reported as means ± SD. The paired t test was used in evaluating the changes in blood gas and pH values after inhalation of the gas mixture.
Por RISA and RBC spaces and lCBP, the differences between the control and hypoxic groups were assessed by analysis of variance (ANOV A) with repeated measures using the Huynh-Peldt approximation. With this test, sig nificant group-with-structure (brain areas) interaction in- 37.3 ± 0.5 36.8 ± 0.4 37.3 ± 0.4
Values: mean ± SD. MABP: mean arterial blood pressure, Hct: arterial hematocrit, BT: body (rectal) temperature.
dicates that (a) the measured parameter (blood flow, RBC volume, or RISA volume) varied between control and hypoxic groups and (b) the control-hypoxia differences varied among the brain areas. Analysis of variance with repeated measures also tests for the so-called group main effect. If the group-with-structure interaction is not sig nificant, then the group main effect test is valid and ap plicable. In the situation that the group-with-structure in teraction is not significant but the group main effect is significant, then the difference between the control and experimental groups is significant, and the difference is similar for all brain areas. If neither the group-with structure interaction nor the group main effect is signifi cant, then the control and hypoxic data are not signifi cantly different. When group-with-structure interaction is significant, it is interesting and useful to demarcate the brain areas where the differences between the control and experi mental groups are the greatest. We have chosen to indi cate those areas where these differences are the largest by Student's t test uncorrected for mUltiple comparisons. For ICBF and the RBC and RISA volumes, the statistical test for establishing group-structure differences is ANOV A with repeated measures, and the uncorrected t test is used only as a "data descriptive tool" or data descriptor.
The RBC and RISA distribution volumes were mea sured in two different sets of experiments; obviously they could not be summed to obtain individual local microvas cular blood volume estimates for each experiment. In stead, as presented above, the local microvascular blood volumes were obtained by adding the means of the RBC and RISA distribution spaces for each brain area [Eq.
(3)]. In this situation, ANOV A with repeated measures cannot be used; hence the significance of the differences in Vb between control and hypoxic animals for each brain area was evaluated with a linear contrast of four group means in a two-way ANOV A. Adjustment for heteroge neity of variances by the Satterthwaite approximation was used when appropriate as determined by Levene's test. No statistical analysis for the significance of the dif ferences in microvessel hematocrit and mean transit time between controls and experimental groups is possible be cause mHct and T, are derived from ratios-not sums-of mean values [Eqs. (4) and (5)].
As indicated by Eqs. (3-5) and amplified above, local microvessel blood volume, hematocrit, and mean transit time of blood were calculated with various combinations J Cereb Blood Flow Metab, Vol. 13, No. 3, 1993 of mean ICBF, mean red cell volume, and mean plasma volume. Because individual values were not produced in each experiment, the standard deviation of Vb' mHct, and T, cannot be determined. To produce an indication of the variability of Vb' mHct, and T" their respective standard errors were estimated with the appropriate approxima tions for standard errors of sums and ratios (Kendall and Stuart, 1958) . This procedure yields the "standard devi ation" of the distribution of the estimate, which is called the standard error of the estimate. In the tables this indi cator of the variability is explicitly listed as the standard error of the estimate and is not to be confused with the standard error of the mean.
Statistical significance was assumed when p < 0.05.
RESULTS
Physiological parameters
The physiological state of the control and exper imental rats before exposure to low O 2 was similar ( Table I ). In the experimental groups, inspiring low O 2 resulted in hyperventilation plus significant hyp oxia, hypocarbia, elevation of blood pH, and low ering of mean arterial blood pressure (Table I) . Ar terial pressure, pH, and blood gases stabilized after � 3 min of hypoxia and remained unchanged there after. Based on this blood pressure and blood chem istry steady state, the measurement of ICBF and distribution spaces were begun at 10 min. As has been noted before (Dupre et aI., 1988) , body tem perature tended to fall in the hypoxic rats; however, in the present experiments body temperature was maintained �36°C with a heat lamp.
Changes in ICBF
In the control group ICBF ranged from around 45 ml 100 g -1 min -1 in white matter areas to around 250 ml 100 g -1 min -1 in the superior olive, inferior colliculus, and temporal cortex ( Tables 2 and 3) . Incidentally, as noted by Otsuka et ai. (1991a,b) the hypothalamus, and no flow data for these three areas are listed in Table 2 . Blood flow in the hypoxic group ranged from 60 ml 100 g-I min -I in white matter areas to over 350 ml 100 g -I min -1 in the inferior olive, inferior col liculus, interpeduncular nucleus of the hindbrain, the medial mammillary nucleus of the hypothala mus, and the temporal cortex. Hypoxia elevated ICBF in all 41 brain areas (Fig. 1) , and the differ ences between control and hypoxic blood flows var ied among the 41 structures (p < 0.001, group-with structure interaction).
The uncorrected t test, applied as a data descrip tor, showed that the differences in ICBF between the control and hypoxic groups ranged from mod erate to large for all areas (Tables 2 and 3 ). To il lustrate this point, the average blood flow was in-creased by 50% in hindbrain gray matter, 52% in forebrain gray matter, and 46% in white matter. The brain areas with the greatest increases in lCBF were the interpeduncular nucleus (92%), caudate putamen (lateral part, 85%; ventricular part, 74%; and central part, 70%), occipital cortex (76%), infe rior (75%) and superior (71%) olive, and medial mammillary nucleus (72%). The smallest percent age increases were seen in the amygdala (23%) plus the arcuate and solitary tract nuclei, periaqueductal gray matter, and cerebellar white matter (29%).
Red cell and plasma distribution spaces
The RBC distribution spaces varied somewhat between the control and hypoxic groups (Tables 2  and 3 ), but the differences were inconsistent. For example, for the hypoxic rats, the RBC spaces tended to be lower in the hypothalamic nuclei and higher in areas such as the cerebellar and occipital cortex. As might be expected, neither the group with-structure interaction nor the group (control vs. hypoxia) main effect was significant; hence hypoxia did not appreciably affect the distribution of red cells in the local systems of small parenchymal mi crovessels. 
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Hypoxia raised the RISA distribution spaces in some but not all brain areas (Tables 2 and 3) . Over all the hypoxic animals differed significantly from the controls with respect to RISA distribution spaces, and the differences between the two groups varied among brain areas (p = 0.038, group-with structure interaction).
Uncorrected t tests, employed as data de scrip- ICBF (m1100 g-1 min-1 ) IN CONTROLS tors, indicated the differences in RISA distribution spaces were largest for eleven of the 44 brain areas. Nine of these 11 areas were deep forebrain struc tures (several thalamic nuclei, the basal ganglia except for the amygdala, the genu of the corpus callosum, and the anterior commissure). The other two areas were the visual cortex (forebrain) and one hindbrain structure, the inferior colliculus.
Blood distribution volume, hematocrit and mean transit time
The parenchymal microvessel blood volumes were fairly similar in control and hypoxic animals (Tables 4 and 5); in a number of areas, however, blood volume tended to be slightly higher in treated than in untreated rats (Fig. 2) . The parenchymal blood space differences were found to be significant for 10 brain areas with linear contrasts in two-way ANOV A on each of 44 structures. For nine of these 10 areas, the elevation in microvessel blood volume was due mainly to higher RISA distribution spaces (see the data descriptor p values in Tables 2 and 3) . The exception to this was the occipital cortex, where both the RISA and RBC spaces increased slightly to yield an elevated blood volume.
Local microvascular hematocrits varied some what among the 44 brain areas (Tables 4 and 5). The ranges (0.22-0.35) and individual values were simi lar in the control and hypoxic groups. For the 11 brain areas where the data descriptor procedure showed the largest RISA spaces increases with hyp oxia (Tables 2 and 3) , mHct might be expected to drop appreciably; however, the hematocrits of the hypoxic group seemed to be slightly lower in only six of these areas-the dorsolateral geniculate nu cleus, nucleus accumbens, caudate-putamen (cen tral), caudate-putamen (lateral), and frontal cortex (Table 4 ) plus the genu of the corpus callosum (Ta ble 5). As presented in the Methods section, no sta tistical analysis of the mHct estimates is possible. The mHct results suggest that hypoxia had little or no effect on the hematocrit in the small parenchy mal microvascular systems.
For all 41 brain areas, the mean transit times were smaller in the hypoxic group than in the controls (Tables 4 and 5; Fig. 3) and were <1.0 s. For 19 of 20 forebrain gray matter areas and 13 of 15 hind brain gray matter areas, Tt was <0.5 s, whereas Tt was >0.6 s for five of the six white matter struc tures. Mean transit time in controls was exception ally high for the ventral hippocampal commissure (Table 5 ; Fig. 3) .
DISCUSSION
Hypoxia and vasodilation of cerebral microvessels
Hypoxia causes pial arteriolar dilation, which be comes maximal when arterial O 2 falls below 25-30 mm Hg (Heistad and Kontos, 1983) . For example, in anesthetized cats at control levels of O2 (100 mm Hg), the mean diameter of the observed pial arteri oles was 42 jJ.m; at Pa02 of 25 mm Hg, mean arte riolar diameter increased by about 30% (Kontos et al. , 1978) . In the present work, the rats were not only hypoxic but also hypocapnic ( Table 1) . Hypo capnia alone produces vasoconstriction; for in stance, when arterial CO2 falls to -25 mm Hg in the anesthetized cat, the diameters of pial arterioles (control values ranging from 13-90 jJ.m) were de-
creased by about 15% (Raper et al. , 1971) . These and other observations indicate that pial arterioles can vasodilate and vasoconstrict and suggest that such volume changes may occur in parenchymal microvessels, particularly arterioles, in response to hypoxia. Indeed, Dacey and coworkers (Dacey and Dul ing, 1984; Dacey and Bassett, 1987a,b) have mea sured diameter changes in isolated penetrating (pa renchymal) arterioles from rat cerebral cortex. 
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These arterioles are about 900 fJ-m long, range in diameter from 30--70 fJ-m, and vasodilate in vitro in response to histamine (Dacey and Bassett, 1987a) and acetyl choline (Dacey and Bassett, 1987b) . De pending on extraluminal (bath) pH and norepineph rine concentration, either vasoconstriction or va sodilation can be produced in these isolated arteries (Dacey and Duling, 1984) . These data indicate that cerebral parenchymal arterioles have the potential to constrict and dilate appreciably but do not prove that such changes may occur and alter parenchymal microvessel blood volume in vivo.
Recently Atkinson et a1. (1990) have presented findings that suggest that capillary diameter is al tered in rat brain by hypocapnia and hypercapnia. Because the capillaries are nonmuscular, these di ameter changes are probably passive and may have been the result of the pressures used when fixing the tissue (set equal to the premortem mean arterial pressure, which differed among the groups). The extent of the measured diameter variations were surprisingly large, going from -6.3 fJ-m for hypo capnia to 9-10 fJ-m for hypercapnia, and would yield capillary volume changes much bigger than those found in the present study for parenchymal mi crovessels. In view of the possibility of artifacts (suggested by such technical procedures as the high, but variable, fixation pressures, the lack of an acceptable stereological method for reducing sam pling bias, and the uncertain criteria for separating capillaries from other microvessels), these findings are noteworthy but not definitive. They also imply that the diameter of nonmuscular (pericytic) ve nules may change in response to intravascular pres sure alterations. The technique used by us to assess plasma and red cell volume excludes all microvessels with lu minal diameters >50 fJ-m (Tajima et aI. , 1992; Be reczki et aI. , 1992) . Blood contained in small paren chymal arterioles and venules as well as capillaries are, thus, included in the tissue sampled. Changes in the diameters of any or all of these microvessels may occur in vivo, be involved in the blood flow increases associated with hypoxia, and be detected by the blood space estimating technique.
Incidentally, as quantitated by Bereczki et a1. (1992) , the blood volumes measured with this tech nique are -50% of those determined by other meth ods. This is mainly because our QAR technique as sesses the blood in only the smaller parenchymal microvessels, whereas the other methods measure the blood in all microvessels (a volume of blood which is -75% more than that in the smaller paren chymal microvessel alone) plus, in many cases, the blood in at least some of the cerebral arteries and veins. Clearly, the populations of blood vessels in cluded in the areas analyzed by these two tech niques are not the same (Bereczki et aI. , 1992) , which leads to sizable dissimilarities in the data ob tained.
The hypothesis and parenchymal distribution volumes
The purpose of this study was the testing of the hypothesis that the hypoxia-induced elevation of lo cal cerebral blood flow occurs mainly by increasing the number of perfused capillaries. A two-step ap proach was used for this task. Firstly, the increase in ICBF induced by hypoxia was quantitated in a number of brain areas. This measurement was made 10 min after beginning the exposure to hypoxia and <7 min after mean arterial blood pressure and blood gases had reached a steady state; the experimental duration was 30 s. Secondly, the distribution spaces of radiolabeled red cells and albumin in parenchy mal microvessels were assessed in two separate groups of control rats and two separate groups of hypoxic rats. These spaces were determined over a 3-min period, starting 10 min after beginning hyp oxia. If blood flow changes to a significant extent by perfusing more capillaries during hypoxia and this change is established by 10 min and maintained un til the end of the experimental period (30 s later for the ICBF experiments and 3 min later for the RBC and RISA space determinations), then the distribu tion volumes of whole blood would be expected to rise in the areas of increased flow.
The data can be construed to support some cap illary recruitment for a few of the areas. Blood flow was elevated by -50% in all brain structures, yet the blood spaces were increased by hypoxia in only one quarter of them (Tables 4 and 5 ). The greatest distribution volume increases were found for the lateral part of the caudate-putamen (55% for the RISA space and 40% for the blood space), a struc ture in which blood flow was nearly doubled by hypoxia. For the rest of these areas, the blood vol umes were 17-27% larger in hypoxic rats, and ICBF rates were elevated by 45% (nucleus accumbens) to 75% (ventral caudate-putamen and occipital cor tex). These observations suggest that for a small number of brain structures the hypoxia-induced rise in blood flow was effected partly by increasing the number of perfused microvessels and partly by rais ing the velocity of blood flow. It is important to note that this small rise in the blood space could, how ever, also occur by modest vasodilation of some or all of the perfused microvessels.
Hypoxia increased blood flow by >65% in the medial mammillary nucleus (a forebrain area; Table  2 ) as well as in the inferior and superior olive and the interpeduncular nucleus (hindbrain areas; Table  3 ). For these four areas, neither the RISA nor the blood volumes were appreciably larger in the hyp oxic animals, and blood flow must have increased in them virtually exclusively by raising flow velocity. Accordingly, the mechanism of the cerebrovascular response seems to vary somewhat between this group of brain areas and those discussed in the pre ceding paragraph, and the potential for capillary re cruitment may differ among brain areas.
With respect to microvascular recruitment, Weiss and coworkers (Weiss and Edelman, 1976; Francois-Dainville et aI., 1986; Kissen and Weiss, 1989) and Shockley and LaManna (1988) have re-J Cereb Blood Flow Metab, Vol. 13, No . 3, 1993 ported that moderate to severe hypoxia increases the number and volume of perfused capillaries in all brain regions examined. In a study with rabbits anesthetized with chloral hydrate plus pentobar bital, Weiss and Edelman found that respiring 10% O2 increased the distribution volumes of radiola beled endogenous siderophilin (a plasma protein) by 15-30% in the six brain regions sampled; this in crease was not, however, statistically significant. In awake rats, on exposure to 8-10% O2 the volume of fluoroscien isothiocyanate-dextran-Iabeled mi crovessels rose significantly (by 50--100%) through out the brain, and the percentage of perfused cap illaries increased from -50 to 70--90% (Francois Dainville et aI., 1986; Kissen and Weiss, 1989) . By measuring mean transit times and blood flow se quentially and subsequently calculating the appar ent microvessel blood volume, Shockley and La Manna (1988) determined that moderate hypoxia in chloral hydrate-anesthetized rats markedly raised cortical blood flow, decreased mean transit time, and thus increased microvessel blood volume.
The findings of Weiss and colleagues and Shock ley and LaManna agree in part with ours, but there are appreciable dissimilarities. Firstly, larger differ ences between control and hypoxic microvessel volumes were measured by Francois-Dainville et aI. and by Kissen and Weiss than by us. Secondly, the changes were found in all brain regions by Weiss and coworkers but in only a fraction of the brain areas sampled by us. Thirdly, the absolute values of the distribution volumes determined by these two groups were generally more than twofold larger than the ones we measured in the present study. Among the possible causes of these discrepancies are different techniques of measurement, experi mental conditions, areas studied, and microvessels included.
Flow velocity increase and microvessel dilation can be combined to explain the hypoxia-induced elevation in cerebral blood flow and parenchymal microvessel blood volume. The low O2 concentra tion in the blood passing through the pial arteries as well as the pial, penetrating, and terminal arterioles leads to reduced vascular muscle tone and vasodi lation, thus delivering blood at a higher rate and pressure to the capillaries. The greater pressure at the beginning of the capillaries would then cause blood to flow through these microvessels at a higher velocity and pressure, and possibly distend the non muscular capillaries and postcapillary venules. Fur thermore, muscular and "pericytic" tone in venules may have been reduced by the hypoxia, thereby leading to some additional vasodilation in the sys tem.
If this model holds, then it is peculiar that the degree of microvascular dilation appeared to vary considerably among brain areas, being appreciable in something like one quarter of the examined ar eas. As has been pointed out by us before, the structure and function of cerebral microvascular systems seem to differ considerably within the brain (Fenstermacher et aI., 1988 (Fenstermacher et aI., , 1992 Gross et aI., 1986a,b; Otsuka et aI., 1991a,b; and Tajima et aI., 1992) ; this may be another manifestation of inter area variability.
In summary, hypoxia may recruit unperfused capillaries in a few brain areas, but this recruitment is sufficient to account for only a small percentage of the blood flow increase induced by hypoxia in these structures. Moreover, for most brain areas, microvascular blood volume was not enlarged, and capillary recruitment was not evident. The latter agrees with the previous findings of continuous per fusion of essentially all capillaries by plasma entrained markers (Gobel et aI., 1989 (Gobel et aI., , 1990 Klein et al., 1986; Vetterlein et al., 1990; Villringer et al., 1991) and argues against capillary recruitment as a major mechanism of increasing local cerebral blood flow.
The hypothesis and mean transit time
The mean transit time integrates blood flow and blood volume, is a function of mean flow velocity and path length, and provides a second way to ex amine the hypothesis. If blood flow rises during hypoxia in a particular area mainly by increasing the "volume of perfused microvessels," then the Tt point for that area should lie on or close to the line of identity (Fig. 3) . For three areas-the amygdala (Table 4 ) plus periaqueductal gray and cerebellar cortex (Table 5) , the mean transit times of the hyp oxic group were -90% of control. In these three areas, ICBF was elevated less (only 23-33%) than in other parts of the brain, and microvessel recruit ment and/or dilation may account for some probably <50% of the total (see the blood spaces in Tables 4 and 5)-of this flow change.
Conversely, if blood flow in a particular area rises mainly or exclusively by increasing the velocity of flow, then the Tt point for that area on the plot should lie considerably below the line of identity. The lowest transit time ratios (Tt hypoxia/Tt control = 0.6) and greatest velocity changes were obtained for the medial mammillary nucleus (Table 4) , the inferior and superior olives, and the interpeduncu lar nucleus (Table 5) , four areas where blood flow increased by >65% without appreciable change in the microvessel blood spaces. For most other areas the Tt ratio was 0.7-0.8, which suggests sizable flow velocity increase.
In conclusion, the present data indicate that the elevation of ICBF produced by this form of hypoxia mainly involves increasing the linear velocity of blood flow in all brain areas. There may have been some capillary recruitment with hypoxia in seven of the forebrain gray matter areas, one hindbrain structure, and two white matter areas because the "volume" of microvessels perfused was increased somewhat by hypoxia, but the major cause of the flow change in these ten areas was a rise in flow velocity. Moreover, as stated before, this increase could have been the result of microvessel dilation and not microvessel recruitment.
Microvascular hematocrits and red cell-plasma flow differences
In both controls and hypoxic rats, parenchymal microvessel hematocrit (Tables 4 and 5) was smaller than large vessel hematocrit (Table 1) . This phe nomenon is known as the Fahraeus effect (Fah raeus, 1929; Fahraeus and Lindquist, 1931) and is the result of a difference in the velocity of red cell and plasma flow through the microvascular system. There are two ways that this can occur (Pries et aI., 1986) . Firstly, in larger microvessels, flow velocity is greater in the center of the vessel, where the red cells accumulate, than at the edge, where only plasma flows. The velocity of flow is thus greater for red cells than plasma. In this situation, the vol ume of red cells within the system must be less than that of the plasma because in the steady state the amount of red cells and plasma flowing into the sys tem must equal the amount flowing out of it; the hematocrit will, therefore, be lower in these mi crovessels. This is the "tube" Fahraeus effect (Pries et al., 1986) .
Secondly, the smaller microvascular hematocrit might be a so-called network effect (Pries et aI., 1986) . In such a system only plasma flows within some capillaries, whereas both plasma and red cells flow within the remainder of the capillaries in the network. In the latter or "hematic" capillaries, the velocity of flow is greater than in the former or "plasmatic" capillaries. Plasmatic capillaries could be the result of greater flow resistance and restric tion to red cell entry at the arteriole-capillary junc tion. Such a plasmatic-hematic capillary system was suggested by Rosenblum and Zweifach (1963) , Pawlik et al. (1981) , and Villringer et al. (1991) from direct microscopic observations and by Hudetz et al. (1989) and Tajima et al. (1992) from system modeling.
In five forebrain gray matter structures and one forebrain white matter area, the microvessel hemat ocrits were somewhat lower in the hypoxic rats than in the control ones. This implies that hypoxia increased the velocity of red cell flow more than that of plasma in these six areas and enhanced the Fahraeus effect. In the remaining brain areas, the hematocrits were similar in the control and experi mental rats. Hypoxia thus accelerated the flows of red cells and plasma through the microvessels sim ilarly in the latter set of brain areas, and the tube and network Fahraeus effects were relatively unal tered in these microvascular beds.
